ABSTRACT: Fate of organic matter of the faecal pellets produced by epifaunal mesograzers in a Sargassum forest was elucidated by determination of the organic carbon and nitrogen flux and fatty acid composition of the 3 types of faecal pellets, i.e. fresh, sinking and precipitated. The organic carbon contents of those 3 types averaged 21.4, 6.0 and 5.5% dry weight, respectively, showing a marked difference between the fresh and sinking types. The same trend was found for their organic nitrogen content. A dissolution-decomposition experiment ascertained the rapid loss of organic matter after the pellets were egested. The ratio of the unsaturated fatty acids to total fatty acids (UFA:TFA) decreased in the order of the fresh, sinking and precipitated pellets, whereas the bacterial biomarker fatty acids increased in that order. The daily sinking fluxes of the faecal pellets were 197 to 639 mg C and 15 to 53 mg N m -2 d -1 for organic carbon and nitrogen, respectively. This flux accounted for 7.4 to 13.4% (C) and 9.4 to 20.3% (N) of the primary production in the corresponding season of the Sargassum forest. The estimated residence time of the organic matter in the pellets together with the result of the dissolution-decomposition experiment indicated that about half of the organic carbon and nitrogen egested as faecal pellets was laterally exported to the pelagic zone by the exchange of water. Those possible lateral export fluxes accounted for 4.1 to 7.4% (C) and 4.4 to 9.5% (N) of Sargassum production. 
INTRODUCTION
The biogeochemical roles of the faecal pellets of zooplankton in the ocean have been widely recognized. The rapid vertical transport of biogenic elements from the euphotic layer to deeper layers is one of the most important biogeochemical functions of faecal pellets in the ocean system (Turner 2002 , Frangoulis et al. 2005 . This process likely functions as a main mechanism of the biological pump which works to accomplish the sequestration of carbon dioxide supplied by human activity (Sundquist 1993) . Over the past few decades, a considerable number of studies using sediment traps in both pelagic and coastal waters have been conducted on zooplankton faecal pellets. However, there has been no study that attempted to elucidate the biogeochemical roles of faecal pellets in seaweed beds in the coastal zone.
Seaweed is responsible for a considerable portion of primary production in coastal zones (Alongi 1998 , Sand-Jensen & Nielsen 2004 . Sargassum, as well as kelp, is one of the important seaweed groups that construct dense forests (Alongi 1998) . It is well known that a seaweed ecosystem provides habitat for various kinds of fauna (Norton & Benson 1983 , Brawley 1992 , Edgar & Aoki 1993 , Tanaka & Leite 2003 . Although ecological studies of epifaunal mesograzers have addressed topics such as their grazing activity and its impact on their host plants (Norton & Benson 1983 , Duffy 1990 ), little attention has been given to their roles in the bioelemental cycle both within and outside the seaweed forest ecosystems (Edgar & Moore 1986 , Taylor 1998 , Taylor & Rees 1998 . Since the usual densities of mesograzer groups reportedly exceed thousands of individuals m -2 (Brawley 1992 , Taylor 1998 , it is likely that they play important roles in the biogeochemical cycle in Sargassum forests. The formation of layers of precipitated faecal pellets on the sea floor in a seaweed forest is one of the visible signs of their substantial biogeochemical importance. However, the dynamics of the faecal pellets of mesograzers and their important biogeochemical functions have not yet been systematically studied.
One possible function is the recycling of biological elements by supplying organic compounds to microbes. Considerable amounts of the organic compounds in fresh faecal pellets are reported to be rapidly dissolved after they are egested (Lee & Fisher 1994 , Urban-Rich 1999 . Dissolved organic matter (DOM) released from the pellets appears to be mainly composed of compounds labile to microbial attack, making it likely that the released DOM supports microbial growth. Thus, the grazing and egestion of the faecal pellets by epifaunal mesograzers probably accelerates the nutrient cycle in seaweed beds. Another possible function of the pellets is to transport the bioelements beyond the seaweed beds. Organic matter that is not dissolved and decomposed within a few days after the pellets are egested tends to remain within the pellets for a weeks to months (Lee & Fisher 1994 , Urban-Rich 1999 . When faecal pellets on the sea floor of seaweed beds are resuspended into the water column by rough water conditions, they may be laterally carried outside the seaweed beds, swept along in the exchange of water across the ecosystem boundary. In this case, the pellets can be regarded as potential carriers of bioelements from coastal waters to the pelagic ocean. These possible biogeochemical functions of the faecal pellets of epifaunal herbivores in seaweed beds have never been quantitatively estimated.
To elucidate these biogeochemical roles, it is indispensable to know the decomposition process of the faecal pellets of mesograzers. For planktonic copepods, faecal pellets decrease in organic content through microbial decomposition processes (Cowie & Hedges 1996 , Urban-Rich 1999 such as sinking through the water column and precipitation on the sediment surface. In addition to the elemental composition, fatty acid composition is a useful tool to assess the degradation status of faecal pellets. The determination of fatty acid composition of the sinking faecal pellets of zooplankton has shown that polyunsaturated fatty acids (PUFA), which contain more than 2 carboncarbon double bonds, and monounsaturated fatty acids (MUFA), which contain 1 double bond, were more susceptible to microbial attack than saturated fatty acids (SFA), which have no double bond (Wakeham & Lee 1993 , Fileman et al. 1998 . Thus, the contribution of unsaturated fatty acids (UFA) composed of PUFA and MUFA likely decreases with the progress of the decomposition of the organic matter after egestion, accompanied with the concomitant increase in SFA contents. It is notable that particular fatty acids such as 15:0 (carbon:double bond), iso15:0, anteiso15:0 and 17:0 are specific to bacteria (Boschker et al. 1999 , Graeve et al. 2001 . The contribution of these bacterial specific fatty acids (BACFA) to total fatty acid (TFA) content in faecal pellets provides information on the bacterial amount in faecal pellets. Thus, the fatty acid composition as well as the contents of organic carbon and nitrogen can distinguish the degradation status of the organic matter of faecal pellets.
In the present study, we collected all 3 types of faecal pellets (fresh, sinking and precipitated on sediment surface) of epifaunal mesograzers living in a Sargassum forest. Organic carbon and nitrogen content and fatty acid composition were determined for these pellets as well as for the whole body of mesograzers and S. ringgoldianum, the dominant species in Sargassum forests at our study site, to assess the compositional changes involved in the egesting, sinking and precipitating processes. A dissolution-decomposition experiment was carried out to elucidate the loss rate of organic carbon and nitrogen from the pellets, and the change in the fatty acid composition after being egested. The sinking flux of the pellets was compared with the primary production of the Sargassum forest to clarify the biogeochemical role of the faecal pellets of mesograzers. In addition, the export fluxes of organic carbon and nitrogen beyond the Sargassum forest were also estimated.
MATERIALS AND METHODS
Study site. The present study was carried out in Oura Bay, located in Shimoda, Shizuoka, Japan (Fig. 1) . Sargassum species, mainly composed of S. ringgoldianum Harvey, S. horneri (Turner) Agardh, and S. patens Agardh, cover the sea floor at depths of 1 to 4 m, and Eisenia bicyclis Setchell and Ecklonia cava Kjellman are distributed over the sea floor at depths of more than 4 m (Yokohama et al. 1987 , Mikami 2007 S. ringgoldianum was gently washed with seawater to remove detritus and then cultured with the mesograzer population in a container filled by filtered sea water. The culture was continued for 1 d, and the contents of the container were filtered through a sieve (250 µm) to remove the algal debris and mesograzers. After the isolation of the faecal pellets was confirmed using a stereoscopic microscope (Fig. 2a) , the pellets were filtered onto the precombusted (450°C, 4 h) glass fiber filters (Whatman GF/F), which were pre-weighed. Filter samples were stored at -20°C until analysis.
Sinking faecal pellets. The faecal traps were positioned on the sea floor to collect the sinking faecal pellets. Two cylindrical containers (95 mm internal diameter and 170 mm in length) fixed to a concrete block (300 × 300 × 60 mm) were used as traps. Five sets of traps were arranged along a fixed line in the Sargassum forest by SCUBA divers, who were careful not to resuspend the surface sediment. The water depths where the traps were placed varied from 4.4 to 8.8 m. The traps were recovered after 2 to 3 d, and their contents were filtered through a sieve (250 µm mesh) to remove pebbles and bits of seaweed. Additional sieving (88 µm mesh) was needed to isolate faecal pellets contaminated by sand particles and pellets on the mesh were filtered through GF/F and stored at -20°C until analysis. Precipitated faecal pellets. Faecal pellets precipitated on the surface of the Sargassum forest sediment were collected by a small corer (28 mm diameter), which a SCUBA diver inserted a few centimetres into the sediment. Ten core samples were collected in each observation. The faecal pellet layer, which had covered the surface of the sediment to a depth of several millimetres (Fig. 2b) , was carefully removed from the core sample. After the pellets were isolated, they were filtered through GF/F that were then stored at -20°C.
Dissolution-decomposition experiment. The fresh faecal pellets produced during the culture experiments of epifaunal mesograzers with Sargassum ringgoldianum on 1-2 November 2005 were used for a dissolution-decomposition experiment. The pellets were suspended in GF/F-filtered seawater in fourteen 125 ml polycarbonate bottles immediately after their collection. The incubation bottles were stored in the dark at 20°C. At specific intervals (0, 1, 2.5, 6, 13 and 20 d), the contents of 2 bottles were filtered through GF/F. Combining 2 bottles was necessary due to low pellet biomass. Samples collected on Days 0, 1, 2.5, 6, 13 and 20 were used for analyses of the contents of organic carbon and nitrogen, and those on Days 0, 2.5 and 20 for an analysis of fatty acid composition. Length and width of about 20 intact pellets were measured under a binocular microscope, and their volume was estimated assuming that the pellets were cylindrical. A little change in the pellet size was observed microscopically, but the accurate size was not measured on Days 2.5 and 20. Thus, we assumed that the pellet volume did not change throughout the experiment to calculate the organic carbon and nitrogen contents per pellet volume.
Analyses of organic carbon and nitrogen. The faecal pellets on the GF/F were analyzed for dry weight, organic carbon and nitrogen content. Filters were dried in a vacuum desiccator until their weights became constant, and the dry weight was then measured. The amounts of organic carbon and nitrogen were determined by an elemental analyzer (EA1108, Fisons). Samples other than pellets, such as Sargassum ringgoldianum and mesograzers, were also subjected to a determination of organic carbon and nitrogen content, once they were ground into powder. Duplicate samples were used for that determination, except for dissolution-decomposition samples, in which only a single sample was analyzed due to the low biomass. The analytical error was generally within 5%.
Analysis of fatty acid composition. Lipid materials were extracted from the pellet samples, Sargassum ringgoldianum and mesograzers by chloroform/methanol (2:1). After the chloroform fraction was separated from the methanol fraction by adding H 2 O, methyl esters of fatty acids were obtained using HCl-methanol, and the concentrations of fatty acids were determined by a gas chromatograph (HP 6800, Agilent) according to the analytical conditions shown in Hama (1991) . A gas chromatograph/mass spectrometer (Voyager, Thermoelectron) was used for the identification of fatty acids, and the concentrations of 17 fatty acids were determined. The concentrations were usually determined for duplicate samples (the margin of error for each sample was generally within 7%; Hama 1991). The concentrations of SFA (sum of 14:0, 16:0, 18:0, 20:0 and 22:0), MUFA (sum of 16:1ω7, 18:1ω9 and 18:1ω7), PUFA (sum of 18:2ω6,18:3ω3, 20:4ω6, 20:5ω3 and 22:6ω3) and BACFA (sum of 15:0, iso15:0, anteiso15:0 and 17:0) are shown instead of those of the individual fatty acid, because the fatty acid composition will not be discussed in detail.
RESULTS

Environmental conditions
The surface water temperature at the sampling site varied from 15.1 to 24.7°C. The faecal trap experiments were carried out during calm conditions to avoid resuspension of the precipitated particles on the sea floor. The average wind speed, measured at the Irozaki Meteorological Station located about 12 km southwest of the experimental site, varied in the ranges of 3.1-5.9, 5.3-9.0, 2.8-4.9 and 1.7-2.4 m s -1 , in autumn, winter, spring and summer, respectively. Although relatively high wind speeds were noticed during the trap experiments in winter, the speeds were low in other seasons.
Organic carbon and nitrogen contents
The contents of the organic carbon and nitrogen per dry weight of the faecal pellets are shown in Table 1 . Because dry weights were not measured with sufficient accuracy for the fresh faecal pellets in spring or for the sinking and precipitated pellets in autumn, their values are not shown. The organic carbon content of the fresh pellets showed the highest values among the pellets, i.e. in the range of 19.3 to 22.5% dry weight (mean = 21.4%). The organic carbon contents of sinking faecal pellets were less than one third of the fresh pellets, i.e. in the range of 4.6 to 8.2%, similar to values obtained in the precipitated pellets which had a mean value of 5.5% dry weight. No seasonal variation was observed in the organic carbon content of the precipitated pellets.
The organic nitrogen content per dry weight also showed the highest values in the fresh faecal pellets, with a mean of 3.43% dry weight, whereas lower organic nitrogen contents were found for the sinking and precipitated pellets with mean values of 0.56 and 0.48%, respectively.
The C:N ratio also showed a considerable variation among the pellets. The lowest C:N ratio was calculated for fresh faecal pellets (5.5 to 7.7), whereas higher ratios were found for the sinking (9.8 to 12.2) and precipitated pellets (8.5 to 14.3).
Fatty acid composition
To elucidate the degradation stage and concentration of bacteria, only the composition of SFA, MUFA, PUFA and BACFA are shown in Table 2 , though their detailed composition has been determined. In all 3 types of faecal pellets, SFA was found to be a major component, averaging from 50.9 to 66.3% of the total fatty acid composition. The contribution of SFA was lowest in the fresh pellets and higher in the sinking and precipitated pellets. MUFA was the second most important group in all pellets, with a high contribution of 36.9% found in the fresh pellets in contrast to SFA. There was little contribution found for PUFA, and the difference in the contribution among pellet types was 105 Table 1 . Organic carbon and nitrogen contents (% dry weight) and C:N ratio of the fresh, sinking and precipitated faecal pellets (mean ± SD). Nine (autumn) and 5 (winter and summer) samples were used for fresh faecal pellet, and 10 samples for sinking and precipitated pellets .5 (± 3.4) (± 7.0) (± 1.3) (± 0.9) (± 6.6) (± 4.9) (± 1.2) (± 1.6) (± 5.6) (± 1.4) (± 1.6) (± 1.6) Spring 41.1 47.5 4.3 7.1 60.6 27.5 7.1 4.8 63.9 21.5 6.7 7.9 (± 5.9) (± 5.6) (± 0.8) (± 2.2) (± 6.6) (± 3.6) (± 1.4) (± 0.9) (± 6.3) (± 2.4) (± 1.0) (± 1.2) (± 0.6) (± 6.7) (± 4.5) (± 0.6) (± 1.3) (± 4.7) (± 4.8) (± 0.7) (± 1.3) Mean 50.9 36.9 5.4 6.8 59.7 26.9 6.5 6.9 66.3 19.4 4.9 9.3 (± 7.9) (± 8.5) (± 0.9) (± 1.6) (± 2.7) (± 1.6) (± 2.8) (± 1.6) (± 4.8) (± 5.3) (± 1.5) (± 1.8) not obvious. The contribution of BACFA ranged from 6.8 to 9.3%, and tended to increase in concentration from the fresh to sinking and then precipitated pellets.
Sinking flux and precipitated amounts
The carbon flux of pellets into the faecal trap varied from 197 to 639 mg C m -2 d -1 as a mean value of 5 sets of traps in each season (Fig. 3) . Values less than 250 mg C m -2 d -1 were obtained in autumn and spring, with values ranging higher than 500 mg C m -2 d -1 in winter and summer. In the low flux season, the variation among traps was also minimal, and the standard deviation among 5 traps accounted for 35 and 36% of the mean values in autumn and spring, respectively. In the high flux season, on the other hand, distinctive variations of flux were found in each trap. Faecal traps were settled along a fixed line in the Sargassum forest and the relatively lower flux was generally measured in the trap settled near the edge of the forest. Somewhat comparable seasonal changes were observed for the nitrogen flux: values less than 25 mg N m -2 d -1 in autumn and spring, and high values above 45 mg N m -2 d -1 in winter and summer. The variation among traps was not conspicuous in autumn and spring as observed in the carbon flux.
The mean concentration of organic carbon in the precipitated faecal pellets varied from 3.5 to 14.0 g C m -2 , reaching a minimum in winter and a maximum in summer (Fig. 4) . The difference in the concentration from autumn to spring should be negligible, but the concentration in summer was nearly 3 times higher than those in the other seasons. Almost the same seasonal variation was found for the organic nitrogen in precipitated pellets, ranging from 0.36 to 0.98 g N m -2 .
The average values throughout the 4 seasons were 7.1 g C m -2 and 0.54 g N m -2 for organic carbon and organic nitrogen, respectively.
Dissolution-decomposition experiment
The time changes in organic carbon and nitrogen content during the dissolution-decomposition experiment are shown per pellet volume (µg C mm -3 and µg N mm the start of the experiment, and it rapidly decreased to 7.2 µg C mm -3 on Day 1 (Fig. 5a) . Thereafter, the carbon content gradually decreased to 4.7 µg C mm -3 on Day 20. The nitrogen content in fresh pellets also showed a marked decrease on the first day from 0.87 to 0.47 µg N mm -3 (Fig. 5b) . Little temporal change was noticed after Day 1, and a value of 0.37 µg N was measured on Day 20.
Both results clearly show that a considerable fraction of organic matter in the fresh faecal pellets was rapidly lost just after they were egested into the ambient waters. The remaining particulate organic fraction after Day 1, on the other hand, exhibited a rather refractory property, indicating that the pellets retain a significant amount of organic matter for at least 1 mo.
Drastic changes in fatty acid composition were observed during the dissolution-decomposition experiment. The contribution of UFA decreased with time, and that of MUFA was quite obvious from 38.2% on Day 0 to 16.8% on Day 20. SFA, on the contrary, complementarily increased from 42.7 (Day 0) to 61.1% (Day 20) . Interestingly, the contribution of BACFA increased 2-fold with the ongoing decomposition of faecal organic matter, indicating the relative increase in the bacterial biomass.
DISCUSSION
Changes in organic composition
In the Sargassum forest in Oura Bay, Amphipoda including Gammaridea and Caprellidea, Copepoda mainly composed of Porcellidium spp., and Gastropoda mainly composed of Tricolia megastoma Pilsbry are major constituents of mesograzers (M. N. Aoki unpubl. data). The sinking and precipitated pellets obtained in the present study were likely composed of these mesograzers, but microscopic observation of pellet size suggests that pellets egested from Amphipoda constitute a major part of the sinking and precipitated pellets; the individual epifaunal Porcellidium spp. and T. megastoma are considerably smaller (generally <1 mm) than the Amphipoda. However, some pellets from epifaunal Copepoda and Gastropoda might be included in our samples. Further, it is possible that faecal pellets of zooplankton are included in the precipitated pellets, though their contribution is likely negligible.
The analysis of the organic composition of the 3 types of faecal pellets served to elucidate the changes in the organic composition that accompany the progress of decomposition. The mean organic carbon and nitrogen content of the fresh pellets was 21.4 and 3.4% of dry weight, respectively. These values are roughly comparable with those of Arctic under-ice amphipods (Werner 2000) . The contents of organic carbon and nitrogen tended to decrease in the following order: fresh, sinking and precipitated faecal pellets ( Table 1 ), indicating that the egested faecal pellets were subject to degradation.
First, we discuss the early stage of degradation just after the pellets were egested by mesograzers. A striking difference in organic carbon content was found between the fresh and sinking pellets, probably due to the rapid compositional change during the time the sinking faecal pellets settled in the faecal trap: the trap was settled for 2 or 3 d, so the mean age of the sinking pellets after egestion should be 1 to 1.5 d. The dissolution-decomposition experiment showed that the organic carbon and nitrogen rapidly decreased on the first day (Fig. 5) . Such a rapid decline in organic carbon content is comparable with the results of Urban-Rich (1999), who observed that about 40% of the organic carbon in fresh copepod pellets was lost within 6 h after the experiment began. This reduction in organic carbon content is probably due to the dissolution of dissolved organic carbon from the pellet and to microbial decomposition. Urban-Rich (1999) found that the rapid decrease in organic carbon from the fresh faecal pellets of copepods was mostly due to a decrease in the dissolved fraction, while the decrease in the particulate fraction was not significant. Such a rapid release of the dissolved fraction from fresh faeces has also been observed in other experiments (Jumars et al. 1989 , Darchambeau et al. 2003 , Møller et al. 2003 . Those results indicate that the decrease in organic carbon just after egestion was mainly due to the dissolution of DOM from the faecal pellets.
A more severe change occurred in organic nitrogen. The larger decrease in organic nitrogen content than in organic carbon was in agreement with the results of our dissolution-decomposition experiment, in which the decrease in organic nitrogen on the first day was greater than that of organic carbon. These results, in turn, indicate that the organic matter lost just after the pellet was egested was composed of nitrogen-rich compounds compared with the bulk composition of the fresh pellets. Although the composition of organic nitrogen compounds was not examined in detail in the present study, it is quite probable that both free and combined amino acids were the main components (Cowie & Hedges 1996) . Since these nitrogenous organic compounds provide high-quality organic substrates for bacteria (Urban-Rich 1999 , Bronk 2002 , the DOM released from the egested pellets is most likely taken up quickly by bacteria, and plays an important role in the microbial food web.
The decompositional state of the egested faecal pellets can also be evaluated by their fatty acid composition. Fig. 6 illustrates the relationships between the contribution of UFA and that of BACFA. The fresh faecal pellets of mesograzers are characterized by the highest contribution of UFA but the lowest BACFA. An increase in the bacterial biomass and a decrease in the UFA were observed for the sinking faecal pellets. The microbial decomposition of the lipid material is generally accompanied by a decrease in the contribution of UFA, which is more labile to microbial attack than SFA (Hama 1991 , Wakeham & Lee 1993 , Fileman et al. 1998 . The decrease in the relative contribution of UFA with the progress of decomposition has widely been observed in various biogeochemical samples, including sinking particles and sediments (De Baar et al. 1983 , Wakeham & Lee 1993 , Fileman et al. 1998 ). The precipitated pellets were characterized by the lowest UFA and highest BACFA contributions, strongly suggesting that the microbial decomposition of faecal pellets took place on the sea floor.
These differences in fatty acid composition among the 3 types of faecal pellets were reproduced by the dissolution-decomposition experiment (Fig. 6 ). The contribution of BACFA increased over time with a reduction in the contribution of UFA. A considerable amount of labile organic matter for bacterial attack was probably supplied by the fresh faecal pellets during Days 0 and 2.5 as discussed above. Thus, it is possible that the increase in the bacterial biomass was maximal during this period, judging from the rapid increase in the contribution of BACFA. The shifting of the graphical position, however, was not drastic from Days 2.5 to 20, indicating that the increase in bacterial biomass was insignificant. This probably indicates that most of the labile organic carbon and nitrogen had been decomposed by Day 2.5 (Fig. 5) , and that the bacterial growth was probably limited by the depletion of the labile organic matter after that time.
Apart from the phenomena that occurred just after the faecal pellets were egested by mesograzers, we will examine the degradation processes of organic matter in the faecal pellets a few days after egestion. Organic carbon and nitrogen, which remained in the faecal pellets a few days after egestion, showed no clear decreasing trend. The contents of organic carbon and nitrogen of the precipitated pellets were comparable with those of the sinking pellets (Table 1) . Our dissolution-decomposition experiment also found slow declines in the concentrations of organic carbon and nitrogen after 2.5 d (Fig. 5) . These results suggest that organic matter, which was neither released nor decomposed in the first few days, was relatively recalcitrant to bacterial attack. The low UFA:TFA ratio of the precipitated faecal pellets also indicates the relatively low lability of the organic matter in the precipitated faecal pellets. This relatively recalcitrant property of the non-fresh pellets is consistent with the results of Jacobsen & Azam (1984) , who determined that the decomposition rate of organic carbon in the faecal pellets of copepods was ; the results of our dissolution-decomposition experiment indicated that the daily decomposed fraction accounted for 0.7 to 0.9% of the concentration of organic carbon and nitrogen during Days 2.5 to 20. This, in turn, suggests that the precipitated faecal pellets retain organic carbon and nitrogen for time scales from weeks to months and indicates the possibility of the export of organic carbon and nitrogen outside the Sargassum forest together with the pellets, as will be discussed in the subsection 'Fate of organic matter…'.
Relation to primary production of
Sargassum forest This is probably the first time that the vertical flux of the faecal pellets produced by the epifaunal mesograzers was measured in field conditions. To elucidate the biogeochemical roles in the Sargassum forest, we will compare the vertical flux with the primary production of the Sargassum forest in Oura Bay. Mikami (2007) estimated the primary production of the same Sargassum forest in 2002 and reported the values of 2670, 5960, 2390 and 3830 mg C m -2 d -1 in October, January, May and August, respectively. The mean seasonal pellet fluxes are compared with the primary production in the corresponding seasons; the pellet fluxes potentially accounted for 7.4, 10.7, 9.5 and 13.4% of the primary production of Sargassum forest in autumn, winter, spring and summer, respectively. These comparisons indicate that about 10% of the primary production in Sargassum forest may be vertically transported to the sea floor by faecal pellets of epifaunal mesograzers.
Although Mikami (2007) determined the primary production of Sargassum using algae with a small epiphytic diatom, it is impossible to measure the production due specifically to Sargassum spp. On the other hand, the microscopic observation of faecal pellets of mesograzers indicates that mesograzers consume the epiphyte as well as Sargassum spp. to some extent. Thus, the relationship between primary production and faecal flux obtained here likely includes the primary production and consumption of the epiphyte as well as Sargassum spp., though contribution of the former is likely insignificant. The measurements of primary production were done in a different year from the determination of the pellet fluxes; however, minimal change in the Sargassum biomass (Mikami 2007, M . N. Aoki pers. obs.) suggests the temporal disagreement probably does not cause serious error in the contribution of pellet flux to primary production.
The production of organic nitrogen in the Sargassum forest is estimated as 155, 347, 139 and 223 mg N m -2 d -1 in autumn, winter, spring and summer, respectively, by applying the average C:N ratio of S. ringgoldianum (17.2). The vertical fluxes of organic nitrogen of pellets correspond to 9.4, 15.2, 16.5 and 20.3% of primary production in autumn, winter, spring and summer, respectively. The average contribution of 15.4% of organic nitrogen was considerably higher than that of organic carbon, due to the lower C:N ratio of the faecal pellets than that of S. ringgoldianum.
Having estimated the proportion of the pellet flux to primary production, we will now examine the validity of the pellet flux in detail. The pellet flux was determined by 4 observations in the present study, and it might be insufficient to recognize those as the representative value in each season. However, less variability in the contribution of pellet flux to the primary production (mean = 10.2 ± 2.3% SD for carbon, and 15.2 ± 4.4% for nitrogen), strongly suggests that the pellet fluxes basically depended on the primary production of Sargassum forest.
Resuspension of the precipitated pellets is one of the primary factors which affect the pellet flux. In winter, especially, it is conceivable that resuspension of the precipitated pellets occurs due to the rough water conditions caused by high wind speeds. To elucidate this possibility, we compare the fatty acid composition of the sinking and precipitated pellets in detail. The most striking difference in fatty acid composition was noticed for MUFA, which accounted for 25.1 to 28.8% of TFA in the sinking pellets and 14.9 to 26.0% in the precipitated pellets. Except in summer, the contribution of MUFA in the precipitated pellets (14.9 to 21.5%) was markedly lower than in the sinking pellets by 6.0 to 13.6%. This compositional difference between sinking and precipitated pellets strongly suggests that the resuspension of the precipitated pellets is not serious in autumn, winter and spring. In summer, on the other hand, the difference was minimal, indicating the possible effect of resuspended pellets on the flux. The highest value of the pellet flux to the primary production in summer also indicates some overestimation of the vertical flux of faecal pellets.
Dissolution and/or decomposition of organic matter (Lee & Fisher 1994) , including coprophagy (ingestion of fecal pellets) and coprochaly (disruption of peritrophic membranes) (Noji et al. 1991 , Turner 2002 ) just after the pellets were egested, are other factors affecting the estimation of the pellet flux. We settled pellet traps for 2 to 3 d to collect enough pellets for chemical analysis, and our dissolution-decomposition experiment suggests that a part of the organic carbon and nitrogen is lost after the pellets were settled into the trap vessels. By assuming that the pellet flux is constant during the settlement of the pellet traps, we can evaluate the effect of the dissolution and/or decomposition on the flux measured by using the results of the dissolution-decomposition experiment (Fig. 5) . The integration of the regression curve of organic carbon or nitrogen in the pellets from Day 0 to Day 2 or 3 corresponds to the remaining fraction of the settled organic carbon and nitrogen in the trap vessels. The ratios of the integrated values to the 'real' flux, which is assumed not to suffer a loss, are calculated to be 0.67 to 0.69 for organic carbon and 0.58-0.60 for nitrogen for the 2 to 3 d settlement. This indicates that the flux measured in the present study underestimates the 'real' flux by 30 to 40%. As for the possible loss of organic matter during the settling of the trap, the fluxes of organic carbon and nitrogen increased to 338-954 mg C m -2 d -1 and 25.9-91.3 mg N m -2 d -1 , respectively, accounting for 11-19% and 17-34% of the concurrent primary production of organic carbon and nitrogen, respectively.
The degree of the possible underestimation of the pellet flux may be increased when we consider that the age of the fresh pellet used for the dissolution-decomposition experiment was 0.5 d. The rapid dissolution of organic matter from pellets just after the egestion observed in the previous studies (Lee & Fisher 1994 , Urban-Rich 1999 and the present study, suggest that the fresh pellets likely lost a part of organic matter before they were collected from the culture of mesograzers.
The efficiency of the collection of sinking particles reportedly depends on the shape of the sediment trap, especially on the aspect ratio (height:mouth opening) (Hargrave & Burns 1979) . Although it is likely that the aspect ratio (1.8) of the trap used in the present study efficiently collected the sinking faecal pellets in calm conditions, the efficiency may considerably decrease with an increase in current speed (Hargrave & Burns 1979 , Baker et al. 1988 ). Since we have no information of the current speed at the trap site in the Sargassum forest, the trap efficiency in each observation cannot be quantified. However, the measured pellet fluxes are probably underestimated with regard to the aspect ratio of the trap when we consider that tidal current may affect trap efficiency.
No information is available to compare the importance of the vertical flux of faecal pellets in the seaweed beds, but comparisons were made between the primary production (and/or algal biomass) and the consumption by the grazers. The grazing pressure of herbivores on the seaweed reportedly varied from a few to 80% of the primary production of seaweed (Cebrian 2004) . Although grazing rate was not directly measured in the present study, it can be roughly estimated by applying the ratio of the faecal production to the consumption of kelp by mesograzers (72%; Koop et al. 1982) . Thus, the grazing rate by epifaunal mesograzers on Sargassum ringgoldianum is calculated to be 278 to 889 mg C m -2 d -1
, which accounts for 10 to 18% of the daily primary production of S. ringgoldianum. Although both the percentage and the absolute grazing rate are within the range summarized by Cebrian (2004) , they are much lower than the average values estimated for seaweed ecosystems. Higher levels of consumption were mainly observed in ecosystems where sea urchins were the dominant grazers (Hauxwell et al. 1998 ). However, it is known that amphipods sometimes exert a strong impact on the algal biomass and the organization of an algal community through their grazing activity (Hauxwell et al. 1998 , Duffy & Hay 2000 . These studies strongly suggest that the sinking fluxes of faecal pellets released from mesograzers in the seaweed beds are generally higher in such seaweed ecosystems. Thus, the faecal pellets likely play an important role in the biogeochemical cycle in the seaweed beds as well as in the pelagic ocean.
Fate of organic matter in precipitated faecal pellets
The concentration of the precipitated faecal pellets ranged from 3.4 to 14 g C m -2 (mean = 7.14 g C m ) for organic carbon and organic nitrogen, respectively (Fig. 4) . A comparison of the sinking flux to the precipitated concentrations yields the residence time of the organic matter of precipitated faecal pellets. Here we use the fluxes and precipitated pellets in each season, and the residence time varied from 9 to 27 d for carbon and from 8 to 25 d for nitrogen. These estimations indicate that the turnover of precipitated pellet by the sinking flux takes a week to a month. These findings lead us to ask: Were the organic carbon and nitrogen in the precipitated pellets decomposed and/or dissolved on the sea floor of the seaweed beds within these residence times?
When we assume that the decomposition of the organic matter in the precipitated pellets follows the formulas obtained in the dissolution-decomposition experiments (Fig. 5) , the remaining organic fractions in the pellets at the end of the residence time account for 55 to 59% and 47 to 51% of the sinking fluxes for organic carbon and nitrogen, respectively. In other words, about half of the organic matter precipitated onto the sediment would not be decomposed within the Sargassum forest. The microscopic observation of the sand layer under the pellet layer covering the sea floor of the Sargassum forest (Fig. 2b) showed only a small amount of pellets buried in the deeper layer.
It is possible that the remaining organic matter was laterally exported outside the Sargassum forest. It is occasionally observed (M. N. Aoki pers. obs.) that the seawater in Oura Bay shows a high turbidity and is brownish in color during rough conditions. This turbidity extends from the bottom to the water surface, indicating that the suspended particles have a relatively low specific gravity. Microscopic observations revealed that the suspended particles causing the turbidity were mainly due to faecal pellets resuspended from the seafloor by water mixing. Since Oura Bay opens out to the open ocean (Fig. 1) , exchanges frequently occur between the bay water and the open ocean water. Thus, it is likely that the resuspended faecal pellets were laterally exported beyond Oura Bay. The undecomposed fractions of the faecal pellets at the end of the residence time of precipitated pellets can be estimated as 109 to 379 mg C m -2 (55 to 59% of the carbon flux) and 6.8 to 27 mg N m -2 d -1 (47 to 51% of the flux), and are potentially laterally exported. The potential export flux of organic matter accounts for 4.1 to 7.4% (mean = 5.8%) and 4.4 to 9.5% (mean = 7.4%) of the concurrent Sargassum primary production of organic carbon and nitrogen, respectively.
No study has elucidated the export flux of organic matter by the faecal pellets of epifaunal herbivores outside of the seaweed beds. Cebrian (1999) examined the reported values of primary production and export of the plant materials (including phyto-detritus), and found that the export flux from seaweed ecosystems beyond the community boundaries varied from 10 to 10 000 mg C m -2 d -1
, though the quantitative relationship between the export flux and the primary production was obscure; the export/NPP ratio reportedly varied from 0 to 100% (Cebrian 1999) . The export carbon flux as faecal pellets estimated in the present study (109 to 379 mg C m -2 d -1
) is roughly comparable to the reported average export flux of plant materials from seaweed beds. This compatibility strongly suggests that the faecal pellets are important vehicles of the export of organic matter from the seaweed beds. The fraction of primary production consumed by the epifaunal herbivores estimated in the present study is lower than the average value of the seaweed beds (Cebrian 2004) as discussed above. The role of faecal pellets in the geochemical cycle in seaweed beds and their adjacent areas most likely increases with an increase in the fraction consumed by herbivores. Although the biogeochemical importance of the faeces of sea urchins in seaweed beds has been suggested (Mamelona & Pelletier 2005) , little research has been done on the faecal pellets of the mesograzers living there. Further studies including the determination of production, decomposition and export fluxes of the faecal materials in various seaweed beds will elucidate their biogeochemical roles in the coastal benthic ecosystems, as has already been established in the pelagic ocean.
